Pseudomonas putida mt-2 carries a plasmid (TOL, pWWO) which codes for a single set of enzymes responsible for the catabolism of toluene and m-and pxylene to central metabolites by way of benzoate and m-and p-toluate, respectively, and subsequently by a meta cleavage pathway. Characterization of strains with mutations in structural genes of this pathway demonstrates that the inducers of the enzymes responsible for further degradation of m-toluate include m-xylene, m-methylbenzyl alcohol, and m-toluate, whereas the inducers of the enzymes responsible for oxidation of m-xylene to m-toluate include m-xylene and mmethylbenzyl alcohol but not m-toluate. A regulatory mutant is described in which m-xylene and m-methylbenzyl alcohol no longer induce any of the pathway enzymes, but m-toluate is still able to induce the enzymes responsible for its own degradation. Among revertants of this mutant are some strains in which all the enzymes are expressed constitutively and are not further induced by m-xylene. A model is proposed for the regulation of the pathway in which the enzymes are in two regulatory blocks, which are under the control of two regulator gene products. The model is essentially the same as proposed earlier for the regulation of the isofunctional pathway on the TOL20 plasmid from P. putida MT20.
Strains of Pseudomonas capable of growth on the aromatic hydrocarbons toluene and m-and p-xylene can be easily isolated from soil by selective enrichment. In all stains which have been examined at the genetic level, the genes for the degradative pathway enzymes appear to be located on a plasmid (4, 10, 12; unpublished results). This group of plasmids, which we have termed the TOL plasmids, specify the same biochemical pathway ( Fig. 1 ) but qiffer in a number of significant ways. These include transmissibility (4, 10) , the ability to segregate characteristic deletion mutant forms (1, 10, 13) , and their relative ability to assimilate p-xylene and its metabolites (10) . They also differ in their molecular structure as judged by the criteria of molecular weights and fragmentation pattern after specific endonuclease hydrolysis (2) .
We have been looking at the regulation of the catabolic pathway in selected strains as one of a number of possible ways of making comparisons within the group. So far we have studied the pathway in Pseudomonas putida MT20 in which the plasmid DNA, referred to as TOL20,
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sulted from the analysis of regulatory mutants and in particular one class which occurred spontaneously at high frequency and in which there appeared to have been a deletion of some of the DNA (13). Further analysis of this system has been impeded by our consistent failure to isolate point mutants in any of the pathway structural genes.
The plasmid from P. putida mt-2 (pWWO, originally referred to as TOL), the first of the TOL group to be discovered (9, 11) , differs from TOL20 in a number of ways (10, 13) . We have, however, found it relatively easy to obtain structural gene mutants of pWWO. On the basis of their characterization, together with two regulatory mutants, we propose in this paper that the regulation of the degradative pathway appears to be substantially the same as proposed for the TOL20-specified pathway.
MATERIALS AND METHODS
Bacterial strains. The bacteria and their derivation from P. putida mt-2 wild type (PaW 1) are listed in Table 1 .
Preparation of celi extracts. Cells were grown and harvested (12, 13 ) and extracts in phosphate-acetone buffer were prepared as previously described (5 Table 2 .
RESULTS
Induction pattern ofwild-type cells. After growth of PaW 1 on m-xylene or on acetate in the presence of m-xylene, all the enzymes of the pathway which had been assayed were strongly induced relative to their levels in uninduced acetate-grown cells (Table 3 ). Growth on mmethylbenzyl alcohol resulted in a very similar enzyme constitution and clearly showed that the alcohol substrate back induced XO.
Growth on or in the presence of m-toluate, on the other hand, induced only those enzymes necessary for its own degradation (TO, C230, HMSH, HMSD), and there was no back induction of the enzymes responsible for conversion of m-xylene to m-toluate (XO, BADH, BZDH).
Cells grown on m-tolualdehyde contained induced levels of BADH and XO, but the role of m-tolualdehyde as inducer could not be deduced from these results because of the possibility that some m-methylbenzyl alcohol was formed by the reverse action of BADH. There was an added complication, since PaW 1 contains two BZDH activities, coded for by the plasmid and chromosome, respectively (12) . These can be distinguished on the basis of substrate specificity, since the plasmid-coded enzyme has similar activities on m-and p-tolualdehydes, whereas the chromosomal enzyme has a much lower activity onp-tolualdehyde (12) . The presence of both enzymes can obviously affect the interpretation of measured levels of BZDH activity, and before conclusions could be drawn as to which enzyme was induced, it was necessary to check the substrate specificity. In the case of m-tolualdehyde-grown PaW 1, this was indicative of the plasmid-coded enzyme (Table 4) , although Because of its lack of BADH activity, PaW 272 partially resolved the role of the aldehydes as inducers. Growth on m-tolualdehyde, which could not be converted back to its alcohol in this strain, resulted in some induction of BZDH (Table 5), which appeared to be the plasmid-coded enzyme from its substrate specificity (Table 4) . Unfortunately, it was impossible to determine whether the aldehyde could back induce XO (Tables 4 and 5 ).
There seem to be three possible explanations for the enzyme constitution of PaW 210. It could be the result of (i) a mutation in a gene responsible for the uptake of the hydrocarbons and alcohols into the cell, (ii) a polar mutation at the beginning of an operon induced by the hydrocarbons and alcohols, or (iii) a mutation in a regulatory gene which no longer permits the hydrocarbons or alcohols to act as inducers. Nine revertants of PaW 210 from five separate experiments which had spontaneously regained the ability to grow on m-xylene were examined. Two of these contained levels of activities after growth on acetate which were significantly higher than the uninduced levels in PaW 1 (Table 3). The data for one of these, PaW 211, are shown in Table 6 alongside a second revertant, PaW 212, which did not show constitutivity. It is also apparent that in PaW 211, m-xylene no longer acted as an inducer and did not further elevate any of the enzyme activities, but that mtoluate was as effective an inducer of TO, C230, HMSH, and HMSD as it was in wild-type PaW 1 and in PaW 210.
The existence of spontaneous revertants of PaW 210 with constitutive expression of all the enzymes rules out the possibility that the primary mutation is in a gene controlling permeability, since such a reversion would require a double mutation. The possibility that there is a polar mutation in PaW 210 also seems unlikely, since m-toluate acts normally as an inducer of the enzymes responsible for its degradation, in spite of their noninducibility by the hydrocarbons and alcohols in PaW 210 and their constitutivity in PaW 211. The simplest explanation for both of these strains is that the primary mutation is in a regulatory gene which is responsible for the induction of all the pathway enzymes by m-xylene and m-methylbenzyl alcohol, but which does not affect the induction of the later enzymes by m-toluate. DISCUSSION The results presented in this paper are consistent with the model for the regulation of the toluene-xylene degradation pathway which we have previously proposed for the same pathway carried on the TOL20 plasmid (13). The evidence for the TOL20 pathway resulted mainly from study of one particular mutant strain, MT20-B3, apparently carrying a deletion, which was produced at high frequency, particularly after selection on benzoate growth medium. The results in this paper on the pWWO plasmid are based on point mutants which we were unable to produce with TOL20.
The model for the regulation (Fig. 2) differs only from the TOL20 model by the inclusion of XO, which was not assayed in the previous study. We propose that there are two genes involved in the regulation, xylR and xylS (previously referred to as Rl and R2, respectively (Table 5) , (iii) growth of the xylE (C230-) mutant PaW 258 in the presence of mtoluate (Table 5) , and (iv) the previous result that catechols do not induce any of the plasmidcoded enzymes (5) . The gene product of xylR can combine with either the hydrocarbons or the alcohols to induce not only the enzymes responsible for conversion of the hydrocarbons to the carboxylic acids (XO, BADH, BZDH) but also the enzymes responsible for the further xylene and m-methylbenzyl alcohol (in addition to m-toluate) could combine with the xylS gene product to induce the later enzymes. However, this explanation could not account for the mutant PaW 210. The simplest explanation for its behavior and that of its constitutive revertant PaW 211 is that it has a defective regulatory gene which no longer allows induction by mxylene or m-methylbenzyl alcohol of ar of the enzymes which they normally induce; according to the model in Fig. 2, this would The inducing role of the aldehydes is not so clear from the results presented, partly because of our failure to obtain any BZDH-mutants. mTolualdehyde does, however, appear to produce some low level of induction of the plasmid BZDH in the xyU xylB mutant PaW 272 but not in the xylR regulatory mutants PaW 210. Taken together, these results indicate that induction by the aldehydes is probably linked to induction by the hydrocarbons and alcohols through xylR, although their effectiveness appears to be considerably less. A definitive proof of this will require isolation of mutants with single xylB and xylC lesions.
In this paper we have used only the m-methyl substrates as inducers, but there is no reason to assume that the unsubstituted or the p-methylsubstituted substrates behave any differently. All twelve hydrocarbons, alcohols, aldehydes, and carboxylic acids serve equally well as growth substrates for PaW 1, and all are metabolized by the plasmid pathway. Furthermore, whenever we have used one of the unsubstituted or pmethyl-substituted substrates as inducers, the resulting enzyme constitution of the cells has proved substantially the same as for the corresponding m-methyl substrate. Thus in Fig. 2 we have assumed the generality of the deductions drawn from the use of m-xylene and its metabolites.
The model presented is not meant to imply any particular organization of the genes on the plasmid. However, our results do indicate that the induction of at least some of the enzymes within the two blocks may be coordinate. In particular, the enzyme activities in the acetategrown cells of the constitutive mutant PaW 211 suggest that there is coordinacy between BADH and BZDH and between C230, HMSH, and HMSD. Both dehydrogenases are elevated to about four-to fivefold higher than in uninduced PaW 210, whereas C230, HMSH, and HMSD are all about 15-to 20-fold higher. It is impossible to make any deductions regarding possible coordinacy of XO or TO within their respective blocks because of the nature of their whole cell assay.
When the same regulatory model was proposed for the pathway on the TOL20 plasmid, we suggested that the regulation might involve positive control (13). The evidence in favor of this was the frequent occurrence of spontaneous deletion mutants of the R2 gene (corresponding to xylS) in whtch the carboxylic acids could no longer induce TO, C230, HMSH, or HMSD; this corresponds to one of the presumptive criteria for positive control proposed by Englesberg and Wilcox (3) .
The results presented in this paper could also be taken as supporting the possibility of positive control. In a negatively controlled system, the most common regulatory mutation is to produce constitutivity, whereas the production of noninducible mutants is a much rarer event; the converse holds for positive control (3 From the evidence presented here, the broad picture of the regulation ofthe degradative pathway on the two plasmids pWWO and TOL20 appears to be very similar in spite of the considerable differences in their properties. In this respect, it is reminiscent of other classes of isofunctional plasmids on which the relevant genetic units have been found to be similar or even identical on plasmids of very different basic structures. The extent of the similarity between the degradative genes on pWWO and TOL20 will require a more detailed genetic comparison.
